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We present a theory that describes the appearance of circular polarization of the photolumines-
cence (PL) in ferromagnet-semiconductor hybrid heterostructures due to spin-dependent tunneling
of photoexcited carriers from a quantum well into a magnetic layer. The theory succeeds in ex-
plaining the experimental data on time-resolved PL for heterostructures consisting of InGaAs-based
quantum well (QW) and a spatially separated Mn δ-layer. We show that the circular polarization of
the PL originates from dynamic spin polarization of electrons due to spin-dependent leakage from
the QW onto Mn donor states split by the exchange field of the ferromagnetic Mn delta-layer.
PACS numbers: 78.20.Ls, 78.67.-m, 75.50.Pp, 75.76.+j
I. INTRODUCTION
The field of semiconductor spintronics can be now
claimed as well-established. However, the ’classical’ spin-
tronic devices such as spin transistor1 or spin valves2
still do not meet the theoretical expectations to advance
the modern applied electronics. The key issue yet to
be resolved along the way is the fabrication of a good
semiconductor with ferromagnetic properties. A substan-
tial breakthrough was the discovery of (Ga,Mn)As di-
lute magnetic semiconductor (DMS)3 with relatively high
Curie temperature of around Tc ≈ 100 K. The highest
Curie temperature achieved for bulk dilute (Ga,Mn)As
samples does not exceed 200 K so far4. While the Mn
solubility limit basically prevents further increase of Tc
in bulk samples, the hybrid (Ga,Mn)As heterostructures
with Mn layer coupled to a remote 2D holes channel have
gained a considerable interest5–7. The GaAs-based het-
erostructure with a Mn δ-layer located in a vicinity of
InxGa1−xAs quantum well (QW) exibits a ferromagnetic
behavior similar to that of the bulk Mn-doped GaAs
DMS. It was demonstrated that the 2D holes populat-
ing the QW substantially contribute to the ferromag-
netism of the Mn layer due to resonant indirect exchange
interaction8,9.
The ferromagnetic ordering of the Mn δ-layer also gives
rise to the circular polarization of the photoluminescence
(PL) from the QW. However, the particular microscopic
mechanism leading to this phenomena still has not been
fully understood. Ferromagnetic (Ga,Mn)As DMS are
p-type semiconductors so the logical assumption might
be that in the thermal equilibrium the QW is populated
with 2D holes which are spin-polarized due to coupling
with Mn ions so that the light emitted from the QW
would be circular polarized. The theory of this mecha-
nism has been developed in10,11 and it is probably rele-
vant to the experimental data reported in12,13. However
the recent time-resolved experiments on similar samples
with more shallow InxGa1−xAs QW have demonstrated
that under moderate photoexcitation the spin polariza-
tion in GaMnAs-based hybrid is a non-equilibrium, dy-
manic effect14. We argue that in these experiments the
circular polarization of the PL stems from the dynamic
spin polarization of the photoexcited electrons. This find-
ing does not completely exclude the importance of the
holes spin polarization, but only states the prime role
of the dynamic electrons in the hybrid structures with a
shallow QW (and far less sheet density of the 2D holes
that in the samples with deeper QW). In the present pa-
per we provide a theory for the effect which perfectly
describes the experimental data. In our model the spin
polarization of the electrons remaining in the QW oc-
curs due to an effective spin-dependent tunneling into
the magnetic layer followed by a non-radiative recombi-
nation. The theoretical description developed appears to
be rather general and can be applied to various semicon-
ductor heterostructures with a similar design.
II. THE MODEL
The band diagram of the system under study is shown
schematically in Fig.1. It consists of InxGa1−xAs QW
sandwiched between GaAs barriers and a thin layer
doped with Mn located at a few nanometers from the
QW. The Mn layer comprises a dilute magnetic semicon-
ductor with a pronounced ferromagnetic behavior. Our
theory focuses on the electrons tunneling from the QW
into the ferromagnetic Mn layer. The theoretical descrip-
tion developed further is rather general and can be ap-
plied to various semiconductor heterostructures with a
similar design. However, in the rest of the paper we will
concentrate on a particular heterostructure for which a
set of experimental data on time-resolved PL has been
obtained allowing the comparison with the theoretical
analysis14,15. The width of the QW under consideration
is a = 10 nm and its depth is controlled by In composi-
tion. For xIn = 10% the QW depth for the electrons (i.e.
the position of the first size quantization level relative to
the GaAs conductance band edge) is We = 45 meV for
the temperature T = 2K. The details of the structure
design and fabrication can be found in Ref.13. The width
2d of the spacer separating the Mn layer from the QW is
varied in the range 2-10 nm for different samples and it
is penetrable for the electrons as well as for the holes10.
It is well known that Mn impurity in GaAs matrix can
exist in two different states. A single Mn atom replac-
ing Ga atom in the lattice makes an MnGa configuration,
where Mn behaves as an acceptor with the hole bind-
ing energy Ea ≈ 110 meV. Mn atom can also occupy an
interstitial position MnI , at that it becomes a double-
donor. It has been confirmed experimentally that in the
samples under study both MnGa and MnI configurations
are realized13. The acceptors MnGa provide weakly local-
ized holes mediating the ferromagnetism. The holes are
distributed between the Mn doping layer and the QW.
It was argued that both fractions can contribute to fer-
romagnetism depending on the QW depth9 The samples
being discussed in this paper had a very shallow QW
for the holes (Wh ≈ 30meV) so that the tunnel coupling
between the Mn layer and the QW is of non-resonant
character. Thus, the equilibrium spin polarization of
the holes located in the QW is not expected and (along
with the kinetics discussed below) cannot fully explain
the observed circular polarization of the photolumines-
cence from the QW. The interstitial MnI are known to
be effective non-radiative recombination centers16. Un-
like MnGa substitutional impurity, the MnI donors repel
positively charged holes and do not directly participate
in the hole-mediated ferromagnetism.
However, it was shown that there is a strong an-
tiferromagnetic superexchange interaction between Mn
ions in an interstitial and a neighboring substitutional
position17,18. Thus, it is reasonable to assume that
while there is a macrosopic magnetisation of the sam-
ple not only MnGa spins are ferromagnetically aligned
but the MnI spins are aligned as well (in the opposite
direction)17. With that taken into account we conclude
that the electron bound states at MnI ions are split in
spin projection on the same axis due to exchange interac-
tion with the core d5 electrons. Now let us we consider an
electron tunneling from the QW into the spin-split bound
state at MnI with the subsequent non-radiative recombi-
nation with a valence band hole. Taking into account the
donor level spin splitting we note that there are two tun-
neling channels corresponding to the opposite electron
spin projections. The difference in the tunneling rates
for spin-up and spin-down electrons tunneling from the
QW to the donor states gives rise to a spin polarizations
of the electrons remaining in the QW. We argue that this
mechanism is responsible for the observed polarization of
the PL emitted from the QW. Let us now proceed to a
more detailed theoretical analysis of the phenomena. The
exchange interaction between the localized electron and
MnI core can be expressed as:
Vex = −αeJS, (1)
where J is the MnI spin operator, S is electron spin op-
erator, αe is the exchange coupling constant. The quan-
tity αe, which describes the s − d exchange is positive
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FIG. 1: Schematic band structure of the considered
ferromagnetic-semiconductor system.
favouring the ferromagnetic alignment of the donor state
electron with the d5 core electrons. Let Ed be the donor
energy level (measured from the size quantization level in
the QW as shown in Fig.1). Due to the exchange inter-
action (1) the level is split into two spin sublevels having
the enerigies
εs = Ed − s∆, ∆ = αeJz,
where s denotes the electron spin projection and Jz is the
MnI spin projection onto z-axis directed normal to the
QW plane. In the external magnetic field applied along
z axis B > 0 the ground state of substitutional MnGa
corresponds to −5/2 spin projection, thus the MnI cen-
ter has the opposite spin Jz = +5/2. Consequently, the
donor state s = +1/2 has lower energy than s = −1/2.
The position of the donor level energy Ed is quite a del-
icate question. To the best of our knowledge there is no
experimental data for the MnI donor energy levels posi-
tion. Theoretical calculations for bulk GaMnAs show the
MnI donor energy level to be lying in the conductance
band19. In this case because of the energy mismatch
there is no direct resonant tunneling from the occupied
electron states in the QW onto the spin split donor level.
However, the spin splitting would manifest itself in a sec-
ond order process involving the electron tunneling to the
donor level followed by a phonon-assisted non-radiative
recombination of the electron with the valence band hole
in Mn layer. The initial state corresponds to the elec-
tron 2D in the QW-plane with the energy εk = ~
2k2/2m,
wherem is the in-plane effective mass, and the final state
is the electron in the valence bamd in the Mn layer and
an emitted phonon with the energy ~Ωq. We neglect Zee-
man splitting for 2D electrons in the QW in comparison
with the exchange splitting at the donor site13. The ma-
trix element for the electron transition from the QW into
the Mn layer is calcutated using the second order pertur-
bation theory. Using the Fermi’s Golden Rule we get the
3transition rate:
dωqk,s =
2pi
~
∣∣∣∣ VqTεk − Ed + s∆
∣∣∣∣
2
δ(εk+Erec−~Ωq)
Sd2kdνq
(2pi)2
,
(2)
where Vq is the electron-phonon interaction matrix ele-
ment, dνq is the phonon modes density, Erec is the energy
difference between the electron size quantization level in
the QW and the top of the valence band in the GaAs bar-
rier (see Fig.1), T is the tunneling matrix element. T de-
pends exponentially on spacer thickness d as T = τe−qd,
where q =
√
2m∗We/~2, m∗ is the perpendicular effec-
tive mass, We is the electron barrier height (Fig.1), the
pre-exponential factor is discussed in11. Integration of
(2) over phonon degrees of freedom yields
dωk,s =
1
τd
τ2e−2qd
(εk − Ed + s∆)
2
Sd2k
(2pi)2
, (3)
where we introduced the electron lifetime at the donor
state
1
τd
=
2pi
~
∫
dνq|Vq |
2δ(Erec − ~Ωq).
The dependence of τd on k can be neglected as εk ≪ Erec.
Because the donor level is split the transition rate (2)
appears to be different for the opposite spin projections.
The non-radiative current density for each spin projec-
tion is given by:
js = e
∫
fs (k)
dωk,s
S
, (4)
where the integration is performed over all 2D states and
fs (k) denotes the thermal distribution function of the
electrons in the QW, e is the electron charge. The elec-
tron gas is non-degenerate since the electrons appear in
the QW only due to photoexcitation. This implies:
fs(k) = exp
(
µs − εk
kBTe
)
, (5)
where Te is the electron temperature, µs is the chemical
potential for the electrons with s spin projection, kB is
Boltzmann constant. The current density for each spin
projection (4) is expressed as:
js = e
τ2e−2qd
τd
ns
kBTe
∞∫
0
e−εk/kBTe
(εk − Ed + s∆)
2
dεk. (6)
As there is a large energy mismatch between the electrons
in the QW and the donor level we have kBTe ≪ Ed, the
expression (6) can be simplified by setting εk = 0 in the
denominator, then the final expression for the current
reads:
js = eΓsnα, Γs =
e−2qd
τd
τ2
(Ed − s∆)
2
, (7)
where ns is the sheet density of the electrons with s spin
projection in the QW, Γs is the non-radiative channel re-
combination rate. Note, that while Γs (7) is reduced by
large value of Ed, the small carrier lifetime at the donor
level τd can keep the non-radiative current sufficiently
high while the perturbation theory still holds. Even with
the equal sheet densities of spin-up and spin-down elec-
trons, since Γ+1/2 6= Γ−1/2 there is a difference between
spin-up and spin-down currents. For ∆≪ Ed this differ-
ence makes
j+1/2 − j−1/2 = en
e−2qd
τd
2τ2
E2d
∆
εd
, (8)
where n is the electron sheet density in the QW. In a
positive external magnetic field ∆ > 0, so j+1/2/e >
j
−1/2/e, so the s = 1/2 channel is more efficient. This
imbalance leads to accumulation of spin-down electrons
in the QW.
III. COMPARISON WITH EXPERIMENT
We applied the model described above to the exper-
imental data on time-resolved PL14,15. As the transi-
tion rates for spin up and spin down electrons leaving
the QW through the non-radiative channel are different
(Γ+1/2 6= Γ−1/2), a nonzero spin accumulates in the QW.
The spin polarization of the electrons remaining in the
QW gives rise to the circular polarization of the PL from
the QW. Let us define electron spin polarization degree
as follows:
ρs =
n+1/2 − n−1/2
n
−1/2 + n+1/2
. (9)
ρs is negative when α = −1/2 electrons prevail. In this
case the radiative recombination with a heavy hole with
the angular momentum projection jz = +3/2 would be
more efficient so the circular polarization σ+ would dom-
inate in the PL. The sign of the PL circular polarization
(which is opposite to the sign of ρs as defined above)
is an important indicator confirming the applicability
of the suggested spin polarization mechanism to explain
the experimental observations. In our model the non-
radiative transition rate is higher for spin-up electrons so
that ρs < 0 and σ+ circular polarization dominates in
the PL from the QW. This is exactly what is observed
in the experiment. Let us now focus on the kinetics
of the photoexcited electrons. The characteristic time
of non-radiative recombination in (Ga,Mn)As is τd ∼ 1
ps16. However the electrons leave QW with the charac-
teristic time Γ−1 obtained from the formula (7), which is
much longer than τd. This fact indicates that the char-
acteristic time of electron density decreasing in QW is
governed by the tunneling process. The non-radiative
channel time Γ−1 in its turn, is much faster than the
radiative recombination in the QW as confirmed by the
calculations and experiment. So we have the hierarchy
4of times τd ≪ Γ
−1 ≪ τrad. Another process which has
a direct influence on ρs is the carrier spin relaxation. It
was found that in the structures under study the holes
spin relaxation time is very short τhs ∼ 10 ps, while for
the electrons it is much longer τes ∼ 10 ns and can be
comparable to τrad
14.
Let us now consider the PL dynamics in the time-
resolved experiment. A short non-polarized excitation
pulse (τpulse ≈ 1 ps
14) produces non-equilibrium carriers
in the QW. Because Γ−1 ≪ τrad, τ
e
s , right after the ex-
citation pulse is switched off the PL characteristics are
primarily governed by the tunneling. Assuming immedi-
ate energy relaxation the electron dynamics is described
by the following simple expression:
dns
dt
= −js/e.
With js given by (7) we get that ns decays exponentially:
ns =
n0
2
e−Γσt,
where n0 is the electron sheet density generated in the
QW by the excitation pulse. From the known pulse du-
ration the upper bound estimate is n0 ∼ 10
9 cm−2. Then
the density of the electrons in the QW and the spin po-
larization degree ρs obey:
n(t) = n+1/2 + n−1/2 =
n0
2
(e−Γ+1/2t + e−Γ−1/2t)
ρs(t) = tanh
(
δΓ
2
t
)
, δΓ = Γ+1/2 − Γ−1/2 (10)
Shown in Fig. 2 is a comparison of the calculated
electron sheet density and spin polarization dynamics
(10) with the time dependence of the PL observed in
experiments14,15 for two different spacer thickness d =
5, 10. In the calculation we used the following parame-
ters: τ = 10 meV, τd = 0.1 ps, Ed = 47 meV, We = 45
meV, ∆ = 2.5 meV. Fig.2 (a) shows the PL intensity
decreasing with time following the kinetics of the pho-
toexcited electrons. As noted above the decay of the PL
intensity is very fast compared to the radiative recombi-
nation time τrad. The strong dependence of the PL on the
spacer thickness is due to the exponential tunneling fac-
tor in (7). The PL circular polarization degree is shown
in Fig.2 (b). The spin-dependent tunneling (δΓ 6= 0) and
long electron spin relaxation time τes leads to the accu-
mulation of nonequilibrium spin in the QW ρs, which
increases linearly with time while t ≪ δΓ−1 (10). It
should be noted that the electron tunneling also leads
to accumulation of the positive charge in the QW which
might have prevented the tunneling due to electrostatic
effect. However, the value of the positive charge is of
the order of the initial electron concentration right after
photoexcitation n0, i.e. no more than n0 ∼ 10
9 cm−2,
such a charge density is too small to significantly affect
the tunneling by electrostatic effects.
(a)
(b)
FIG. 2: Time dependence of the intensity (a) and the circular
polarization degree (b) of the photoluminescence from the
QW
IV. SUMMARY
To conclude, we proposed a microscopic mecha-
nism explaining the observed ultrafast PL kinetics and
the PL circular polarization in hybrid ferromagnetic-
semiconductor structure with a QW and spatially sep-
arated Mn δ-layer. The PL behavior in our model is
governed by the dynamics of the photoexcited electrons.
The key process which determines the electrons dynam-
ics is their tunneling onto MnI interstitial donor-like de-
fects in the Mn layer. The spin splitting of this donor in
the exchange field of the Mn layer makes this tunneling
spin-dependent and causes accumulation of nonequilib-
rium spin in the QW. While the tunneling itself is of a
non-resonant character, the spin-dependent carriers leak-
age through the non-radiative channel appears to be ef-
fective due to the very small lifetime of a carrier at the
donor site. This proposed model allowed us to explain
the fast PL decay, linear increase of the PL circular po-
larization with time as well as its sign observed in the
experiment.
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